In this work, we report an optimized cation exchange route for the production of a narrow-band A 2 TiF 6 :Mn 4+ (A ¼ K, Na and Cs) red emitting phosphor using a small amount of non-toxic HAc solution instead of volatile and corrosive HF liquid. The crystal structure, morphology and doping amount of the A 2 TiF 6 :Mn 4+ products were characterized by powder X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and atomic absorption spectrophotometry (AAS) in detail. The influence of the molar ratio of the raw materials, HAc concentration and reaction time on the photoluminescence behavior has been systematically investigated. Moreover, the role of HAc in the formation process is discussed in detail. By revealing its application in white light-emitting diodes (WLEDs) with tunable chromaticity coordinates and correlated color temperature, we confirm that the substitution of HAc for HF will increase the large scale production feasibility of the A 2 TiF 6 :Mn 4+ red phosphor for the WLED industry.
Introduction
In October 2014, Isamu Akasaki, Hiroshi Amano and Shuji Nakamura jointly won the Nobel Prize in Physics because of their successful and creative work in "the invention of efficient blue light-emitting diodes which has enabled bright and energy-saving white light sources" from the early 1990s.
1 Bright blue light beams emitted from blue LED chips can be absorbed by a yellow phosphor to produce white light. 2, 3 Nowadays, the most popular commercial yellow phosphor, yttrium aluminum garnet (YAG, Y 3 Al 5 O 12 :Ce 3+ ), has been widely used as the fundamental manufacturing constituent in the white lightemitting diode (WLED) illumination industry. 4, 5 However, the scarcity of red light makes the white light dazzling and uncomfortable to people's eyes, which results from its high correlated color temperature (CCT, T c > 4500 K) and low color rendering index (CRI, R a < 80). 6, 7 and YAG phosphors were mixed with epoxy resin thoroughly, followed by a coating process of phosphor-epoxy resin mixture on the surface of GaN chip. The obtained WLED devices were operated and measured under a forward current of 20 mA.
Material characterization
Powder X-ray diffraction (XRD, D8 Advance, Bruker, Germany) equipped with graphite monochromatized Cu Ka radiation (l ¼ 0.15406 nm) was used to measure the crystal structure of the asprepared A 2 TiF 6 :Mn 4+ product, which was operated at 40 kV and 20 mA from 15 to 70 . Surface morphology was observed from a scanning electron microscopy (SEM, FEI Quanta 200 Thermal FE Environment scanning electron microscopy) with an attached energy-dispersive X-ray spectrometer (EDS). Compositional analysis was performed on a Shimadzu AA-6300 atomic absorption spectrophotometer (AAS). The Diffuse Reectance Ultraviolet-Visible spectra (DRS) and decay curve were recorded on an Cary 5000 UV-Vis-NIR spectrophotometer and an Edinburgh FLS920 combined uorescence lifetime and steady state spectrometer with a 450 W xenon lamp and 60 W mF ash lamp, respectively. PLE and PL properties were examined on a Cary Eclipse FL1011M003 (Varian) spectrouorometer, which employs a xenon lamp as the excitation source. A high accurate array spectrometer (HSP6000) was used to investigate the performance of WLED devices.
Results and discussion
It has been reported previously that during the formation process of A 2 group. Nevertheless, the characteristics of hypertoxicity and potential fatal damage to human body make the reaction medium HF acid urgently to be replaced in the synthesis process. The group of Wang has done some useful explorations in this eld. 20, 21 In this work, we aimed to use simple inorganic/ organic acid as reaction medium during the ion exchange process. Therefore, typical normal acids, such as HNO 3 
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The latter one, peaking at 460 nm, not only accords with the strongest adsorption peak of DRS result in Fig. S2 , the same rise-fall phenomenon was also observed (Fig. S3 in ESI †) . In a word, at this TMR of 20, the obtained K 2 TiF 6 :Mn 4+ phosphor emits the brightest red light. product. It clearly exhibits that the particles have a particulate morphology with an apparent large size of ca. 40 mm. Additionally, we can clearly observe the smooth surfaces, clear edges and corners on these particles, implying the sample has been well crystallized into crystals. 23 From the corresponding EDS spectrum, the elements of F, Ti, K, and Mn, as well the absence of O element, can be clearly recognized (Fig. S4 †) . This result suggests that the Mn element has been successfully doped into the crystal structure of K 2 TiF 6 matrix to occupy the lattice site of Ti, and no MnO 2 was produced during the entire preparation process. This result is line with the above PL results. Using HAc solution as reaction medium, Na 2 TiF 6 :Mn 4+ and Cs 2 TiF 6 :Mn 4+ products were also obtained and presented the same characteristic of particulate morphologies ( Fig. 2d and e) . Moreover, observed by naked eyes, the K 2 TiF 6 :Mn 4+ sample shows a striking yellow color under natural light illumination (Fig. 2b) whist emits brilliant red light under blue light (460 nm) illumination (Fig. 2c) .
As it known, for a product prepared using this wet-chemical synthesis route, it is essential to investigate the inuence of some general reaction conditions on the optical properties. Firstly, the inuence of HAc concentration on the PL property of K 2 TiF 6 :Mn 4+ phosphor was investigated and shown in Fig. S5 Fig. 3 . It is very clear that the shapes of these PL spectra are similar to above. As illustrated above, they are attributed to the spin-forbidden transition of Mn 4+ from 2 E g to 4 A 2g . Secondly, the ZPL emission is hardly to be observed. This is exactly the same as that of Cs 2 TiF 6 :Mn 4+ , but completely different with that of Na 2 TiF 6 :Mn 4+ , in which ZPL emission is the main part (Fig. S6 †) . 24 Moreover, it is obvious that the emission intensity can be enhanced by increasing the reaction time from 5 to 30 min, which may be resulted from the improved doping amount of Mn 4+ . Further prolongation of reaction time causes a downward trend of emission intensity. It is possible that too much Ti 4+ ions have been substituted by Mn 4+ ions, which resulting in the concentration quenching of Mn 4+ in K 2 TiF 6 host. 25 The same quenching phenomenon also can be observed from the time-dependent PL spectra of Cs 2 -TiF 6 :Mn 4+ and Na 2 TiF 6 :Mn 4+ phosphors (Fig. S6 †) . The relationship between reaction time and the relative integral emission intensity of K 2 TiF 6 :Mn 4+ phosphor is presented in the inset gure of Fig. 3 . Therefore, on the basis of the above discussion, we can conclude that HAc solution is an acceptable, safe using and environmental friendly reaction solvent for the ion exchange formation of K 2 Thermal stability of this sample was examined on a thermogravimetric (TG) instrument. The result is shown in Fig. S7b † and two valleys can be clearly observed. In the former valley, a weak endothermic peak with weight loss about 5% at a temperature below 100 C can be found, which is mainly attributed to the adsorbed moisture. The mass of the sample begins to be lost at 385 C accompanied with an endothermic peak, which indicates that the phosphor decomposes at temperatures higher than 385 C. Thus, the sample is thermally stable under ambient atmosphere for WLED applications. The inuence of temperature on the PL properties of the optimum K 2 TiF 6 :Mn 4+ red phosphor at 20-180 C under 460 nm blue light excitation was investigated and the representative results are presented in Fig. 4 . Apparently, it can be clearly observed that with the temperature rising from 40 to 180 C, the emission intensity exhibits a lower tendency because of the increasing non-radiative transition processes. Furthermore, with the temperature increasing, not only emission spectrum gradually becomes broader, but also the main emission peak positions exhibit swily red-shi. This is due to the expansion of unit cell and the enhancement of vibration modes of [MnF 6 ] 2À octahedron in hot environment. This result is in agreement with the previous reports. 26, 27 Furthermore, the relationship between temperature and integral emission intensity is inserted in Fig. 4 , which displays considerable stability for K 2 TiF 6 :Mn 4+ phosphor with working temperature increases from 20 to 120 C. When the temperature is 120 C, nearly 117% of the integral emission intensity can be achieved, compared with that at 20 C. Up to 140 C, the relative integral intensity still preserve about 107%. This can be attributable to the integral anti-Stokes emission intensity increased with temperature, whereas the integral Stokes emission intensity remained basically unchanged.
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As reported previously, the FWHM of the emission band for GaN chip in the blue-light region is about 20 nm, which is much narrower than that of the above K 2 necessary to investigate the optical performance of this WLED devices and the results were shown in Fig. 5, which , obvious red light emission in the spectra can be observed. Increasing its addition amount from 0 to 25%, a noticeable stronger tone of the emitting red light can be observed. The chromaticity coordinates of these WLED devices are labeled in or close to the white light region in CIE 1931 color spaces as points of (a-f) in Fig. S9 in ESI. † Photographs of the lighting LEDs are shown in the insert image of Fig. 5 . Their corresponding T c , R a and luminous efficiency data are compared listed in Table S1 
Conclusions
In summary, we have developed a simplied and non-toxic ion exchange strategy for the formation of narrow-band red emitting A 2 
